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changes	 in	 terrestrial	 biodiversity	 intactness,	 expressed	by	 the	mean	 species	 abun‐
dance	(MSA)	metric,	resulting	from	three	of	the	shared	socio‐economic	pathways	(SSPs)	
combined	with	different	levels	of	climate	change	(according	to	representative	concen‐










all	 three	scenarios,	yet	 the	decline	was	smaller	 in	 the	sustainability	scenario	 (−0.02)	
than	 the	 regional	 rivalry	and	 fossil‐fuelled	development	scenarios	 (−0.06	and	−0.05	
respectively).	We	further	found	considerable	variation	in	projected	biodiversity	change	




Effective	 measures	 to	 halt	 or	 reverse	 the	 decline	 of	 terrestrial	 biodiversity	 should	
not	only	reduce	land	demand	(e.g.	by	increasing	agricultural	productivity	and	dietary	
changes)	but	also	focus	on	reducing	or	mitigating	the	impacts	of	other	pressures.
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anthropocene,	biodiversity	scenarios,	global	environmental	change,	land‐use	downscaling,	
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1  | INTRODUC TION
Global	biodiversity	 is	threatened	by	unprecedented	and	increasing	
anthropogenic	 pressures,	 including	 habitat	 loss	 and	 fragmenta‐
tion,	 overexploitation,	 climate	 change	 and	 pollution	 (IPBES,	 2019;	
Maxwell,	Fuller,	Brooks,	&	Watson,	2016;	Tilman	et	al.,	2017).	This	


























been	developed	 to	quantify	 the	SSPs	also	 in	 terms	of	biodiversity	
and	ecosystem	services,	based	on	harmonized	land	use	and	climate	
change	 input	 data	 and	 a	 suite	 of	 complementary	 biodiversity	 and	
ecosystem	models	 (Kim	et	al.,	2018),	 for	 supporting	 the	global	as‐
sessment	 of	 the	 Intergovernmental	 Science‐Policy	 Platform	 on	
Biodiversity	 and	Ecosystem	Services	 (IPBES,	 2019).	 Following	 this	
protocol,	we	assessed	the	implications	of	three	SSPs	for	terrestrial	
biodiversity	 intactness	 in	 2050.	 To	 that	 end,	we	 used	 an	 updated	
version	of	the	GLOBIO	model:	a	global	model	of	biodiversity	intact‐
ness,	expressed	by	the	mean	species	abundance	(MSA)	metric,	as	a	
function	 of	multiple	 anthropogenic	 pressures	 on	 the	 environment	
(Alkemade	et	al.,	2009).




land	use	 (via	both	habitat	 loss	and	 fragmentation)	 and	atmospheric	
nitrogen	deposition	(Alkemade	et	al.,	2009).	GLOBIO	quantifies	biodi‐
versity	using	the	MSA	metric,	which	is	a	measure	of	local	biodiversity	
intactness	 conceptually	 similar	 to	 the	 biodiversity	 intactness	 index	
(Scholes	&	Biggs,	2005).	For	this	scenario	analysis,	we	have	introduced	







the	 possibility	 to	 account	 for	 spatial	 heterogeneity	 and	 ecological	




versions	of	 the	modules	 to	quantify	 the	 impacts	of	climate	change,	
land	use,	habitat	fragmentation	and	atmospheric	nitrogen	deposition	
based	on	updated	and	extended	datasets.
For	 the	 scenario	 analysis,	we	 followed	 the	 recently	 developed	
biodiversity	 model	 intercomparison	 protocol	 as	 described	 by	 Kim	
et	al.	(2018)	by	coupling	three	SSPs	(i.e.	SSP1,	SSP3	and	SSP5)	with	

















that	 assess	 the	 impacts	of	 anthropogenic	pressures	on	biodiver‐
sity.	Pressures	 included	 in	GLOBIO	are	climate	change,	 land	use,	
roads,	 atmospheric	 nitrogen	 deposition	 and	 hunting	 (Figure	 1a).	
Impacts	are	quantified	based	on	the	MSA	metric,	which	 is	an	 in‐
dicator	of	 local	biodiversity	 intactness	 (Figure	1b).	The	metric	 is	
quantified	 based	 on	 data	 that	 describe	 changes	 in	 community	
composition	 in	 relation	 to	 particular	 pressures.	 MSA	 values	 are	
retrieved	by	dividing	the	abundance	of	each	species	found	in	rela‐
tion	to	a	given	pressure	level	by	its	abundance	found	in	an	undis‐
turbed	 situation	within	 the	 same	 study,	 truncating	 the	 values	 at	
1,	and	then	calculating	the	arithmetic	mean	over	all	species	pre‐
sent	 in	 the	 reference	 situation	 (Alkemade	et	 al.,	 2009;	Schipper,	
Bakkenes,	et	al.,	2016).	Increases	in	individual	species	abundance	
from	 reference	 to	 impacted	 situation	 are	 truncated	 to	 avoid	 the	
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indicator	being	inflated	by	opportunistic	or	generalist	species	that	












For	 example,	 it	 is	 assumed	 that	 there	 are	 no	 additional	 impacts	
of	atmospheric	nitrogen	deposition	 in	croplands,	which	are	 typi‐
cally	fertilized,	and	that	there	are	no	additional	 impacts	or	roads	
within	urban	areas.	Alternatively,	 it	 is	assumed	that	 (a)	pressures	
act	independently,	that	is,	an	organism	is	lost	from	the	community	







where	MSAs,i	is	the	overall	MSA	for	species	group	s in grid cell i and 
MSAx,s,i	is	the	MSA	corresponding	with	pressure	x	on	species	group	




where Px,s,i	 is	the	contribution	of	pressure	x	to	the	loss	 in	MSA	for	










change,	 nitrogen	 deposition,	 road	 disturbance	 and	 hunting,	 we	
used	databases	that	were	specifically	collected	for	 this	purpose	
(Benítez‐López	et	al.,	2017;	Benítez‐López,	Alkemade,	&	Verweij,	
2010;	 Benítez‐López,	 Santini,	 Schipper,	 Busana,	 &	 Huijbregts,	
2019;	 Midolo	 et	 al.,	 2019;	 Nunez,	 Arets,	 Alkemade,	 Verwer,	 &	
Leemans,	2019).	For	land	use	and	habitat	fragmentation,	we	used	





For	each	dataset	 and	pressure	 level	or	 intensity,	we	 first	 calcu‐
lated	species‐specific	abundance	ratios	by	dividing	each	species'	
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corresponding	reference	site,	and	then	retrieved	MSA	values	by	
averaging	the	truncated	abundance	ratios.	Next,	we	established	
mixed	 effect	 beta	 regression	models	with	 logit	 link	 function	 to	
relate	the	MSA	values	to	the	pressure	gradient,	whereby	we	used	
dataset	within	study	as	nested	 random	 intercept	 to	account	 for	




for	a	given	pressure	 if	 the	set	 included	zeros	or	ones	 (Smithson	
&	Verkuilen,	2006).	Because	MSA	is	an	assemblage‐level	metric,	
we	weighted	 the	 observations	 based	 on	 the	 number	 of	 species	
sampled	(square‐root	transformed	to	reduce	the	skewness	in	the	
data).	In	this	study	we	included	impact	relationships	for	terrestrial	





use,	 infrastructure	 disturbance,	 fragmentation	 and	 hunting	 for	
warm‐blooded	 vertebrates	 (Figure	 2).	Where	 possible	 based	 on	
the	data	available,	we	tested	for	the	influence	of	potential	mod‐
erators	on	the	impact	relationships	(e.g.	the	influence	of	climate	
zone	on	 the	 climate	 change	 impact	 relationships)	 and	 identified	
the	most	parsimonious	model	based	on	the	Bayesian	information	




including	 the	 glmmTMB	 package	 for	 beta	 regression	 modelling	










































     |  5SCHIPPER Et al.
variables	 indicative	 of	 access	 to	 infrastructure.	 The	 allocation	 al‐
gorithm	prioritizes	candidate	grid	cells	according	 to	 their	 suitabil‐




by	 cropland,	 reflecting	 that	 urbanization	 is	 typically	 prioritized	 at	




forestry	 is	 allocated	within	 remaining	 forest	 areas,	 and	 reflecting	
that	 grazing	 typically	 takes	 place	 in	 areas	 not	 productive	 enough	
for	crops	(Hasegawa,	Fujimori,	Ito,	Takahashi,	&	Masui,	2017).	If	for	













velopment’).	The	 sustainability	 scenario	 is	 characterized	by	a	 rela‐
tively	 low	 population	 growth,	 low	 growth	 in	 consumption	 due	 to	
less	resource‐intensive	lifestyles	(e.g.	less	meat)	and	more	resource‐ 
efficient	 technologies,	 increased	 regulation	 of	 land‐use	 change	
due	 to	 expansion	 of	 the	 protected	 area	 network,	 and	 substantial	




deforestation.	 Finally,	 the	 fossil‐fuelled	 development	 scenario	 is	
characterized	by	 low	population	growth,	 strong	economic	growth,	
a	consumption‐oriented	and	energy‐intensive	society,	and	highly	in‐
tensive	agricultural	practices	 leading	 to	a	decline	 in	deforestation.	






and	SSP5	 (moderate	 land‐use	pressure)	with	RCP8.5	 (high	 level	of	
climate	 change).	 The	 SSP3xRCP6.0	 and	 SSP5xRCP8.5	 combina‐
tions	 represent	 the	 so‐called	 baseline	 scenarios,	 that	 is,	 scenarios	
including	only	modest	or	even	no	climate	change	mitigation	policy.	
In	contrast,	SSP1xRCP2.6	 includes	mitigation	measures,	 for	exam‐










model,	which	 is	part	of	 the	 IMAGE	model	 framework	 (Meinshausen,	
Raper,	&	Wigley,	 2011;	 Stehfest	 et	 al.,	 2014).	We	 retrieved	nitrogen	
deposition	data	(kg	ha−1 year−1;	0.5°	resolution)	for	each	scenario–year	
combination	 also	 from	 IMAGE.	 To	 compile	 the	 land‐use	 maps,	 we	
used	the	newly	implemented	land‐use	allocation	module.	We	first	es‐








urban	area	 and	 cropland,	 and	by	downscaling	 country‐level	 areas	of	
pasture	and	 forestry	 land	as	 reported	by	 the	FAO	 (Text	 section	S2).	
We	note	that	the	resulting	present‐day	land‐use	map	does	not	include	
secondary	vegetation	as	the	background	land‐cover	map	does	not	dis‐














induce	 much	 less	 avoidance	 behaviour	 in	 wildlife	 (Brehme,	 Tracey,	





























mean	MSA	value	was	projected	 to	decline	by	0.02	 in	 the	 sustain‐
ability	scenario	 (SSP1xRCP2.6),	by	0.06	 in	the	regional	 rivalry	sce‐
nario	(SSP3xRCP6.0)	and	by	0.05	in	the	fossil‐fuelled	development	
scenario	 (RCP5xRCP8.5)	 (Table	 S2).	 To	 put	 these	 numbers	 in	 per‐






mean	 losses	 in	MSA),	whereas	 the	 reverse	was	 true	 for	 the	other	
scenarios	 (Figure	 3;	 Table	 S2).	 Our	 projections	 further	 revealed	















consistent	 across	 regions.	 For	 vertebrates,	 the	 global	 loss	 in	MSA	
in	2015	was	also	mostly	related	to	land	use,	with	an	area‐weighted	
global	mean	MSA	 loss	of	–0.23.	 Influences	of	 the	other	pressures	
were	 considerably	 smaller,	 with	 area‐weighted	 global	 mean	 MSA	












as	well	 as	declines	 in	 the	number	of	 rural	 settlements	 (which	may	
disappear	because	of	urbanization;	Table	S5).	Changes	in	the	impacts	





















in	 the	 regional	 rivalry	 scenario.	 In	 the	 sustainability	 scenario,	 the	




Our	 projections	 indicate	 that	 biodiversity	 intactness	will	 decline	
from	present‐day	to	2050,	even	in	the	most	optimistic	scenario	eval‐
uated.	These	declines	comply	with	a	mid‐term	analysis	of	progress	
towards	 the	 Aichi	 biodiversity	 targets	 for	 2020,	 which	 revealed	
that	 pressure	 indicators	 were	mostly	 on	 a	 continuing	 increasing	
trend,	while	biodiversity	indicators	pointed	to	a	continuing	decline	
(Tittensor	et	al.,	2014).	Projected	area‐weighted	global	mean	losses	
in	 MSA	 were	 similar	 for	 the	 regional	 rivalry	 (SSP3xRCP6.0)	 and	
	fossil‐fuelled	development	(SSP5xRCP8.5)	scenarios.	Compared	to	
the	 fossil‐fuelled	 development	 scenario,	 the	 regional	 rivalry	 sce‐









down	 in	 response	 to	 a	 decreasing	 demand	 for	 agricultural	 land.	















Lutz,	2017).	This	decline	 in	agricultural	 land	 reflects	 increases	 in	
agricultural	productivity	combined	with	altered	consumption	pat‐
terns	 (30%	 reduction	of	 animal	products	 consumption)	 and	a	 re‐









the	 latter	 is	characterized	by	an	 increase	rather	than	a	decline	 in	
agricultural	land	area	(+2.5%	worldwide;	Table	S5).	The	comparison	
between	 these	 two	 scenarios	 thus	 highlights	 the	 importance	 of	
changes	in	both	production	and	consumption	of	agricultural	prod‐
ucts	 in	order	 to	 limit	 the	environmental	 impacts,	 in	 line	with	 the	
results	 of	 other	 recent	 studies	 (Di	Marco	 et	 al.,	 2019;	 Erb	 et	 al.,	
2016;	Springmann	et	al.,	2018).	Yet,	alongside	relatively	stable	or	
reduced	land	demand	in	the	sustainability	scenario,	we	found	clear	
increases	 in	 the	 impacts	of	 climate	 change	and	 road	disturbance	
(Figure	5).	The	increased	impacts	of	climate	change	with	increas‐
ing	 levels	of	 radiative	 forcing	was	particularly	evident	 for	plants,	
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4.2 | Pressure contributions
We	found	 that	 land	use	 is	 currently	 the	dominant	pressure	on	 ter‐
restrial	biodiversity,	 exceeding	 the	present‐day	 impacts	of	hunting,	
climate	change	and	pollution.	This	is	line	with	other	recent	analyses	
that	 ranked	 pressures	 affecting	 community	 composition	 and	 spe‐
cies'	populations	(IPBES,	2019;	Maxwell	et	al.,	2016;	Newbold,	2018).	
We	 note	 that	 our	 assessment	may	 underestimate	 the	 present‐day	









mentation	 might	 be	 underestimated	 because	 our	 pressure–impact	
relationship	assumes	that	such	impacts	are	absent	in	natural	habitat	
patches	 larger	 in	 size	 than	10,000	ha	 (see	Text	 section	S1),	 due	 to	








most	 important	cause	of	biodiversity	 loss	 in	2050.	This	 is	 consis‐
tent	with	 the	 projections	 of	 Sala	 (2000),	 but	 in	 contrast	 to	 stud‐
ies	 indicating	 that	 impacts	of	 climate	 change	on	biodiversity	may	
have	 exceeded	 land‐use	 impacts	 halfway	 this	 century	 (Di	Marco	 





estimates	 retrieved	 from	 bioclimatic	 envelope	 modelling	 results	
rather	than	observational	data	of	MSA	(Text	section	S1),	due	to	a	
lack	of	 local	biodiversity	monitoring	data	 across	 sufficiently	wide	
climate	gradients.	Moreover,	we	considered	global	mean	tempera‐
ture	increase	only,	thus	ignoring	the	possible	changes	in	seasonality	
or	extremes	as	well	as	 latitudinal	differences	 in	 the	magnitude	of	
climatic	change.	More	research	on	the	effects	of	climate	change	on	
biodiversity	 intactness	 is	 urgently	needed	 to	 further	 improve	 the	
GLOBIO	model.	We	 further	 note	 that	 our	 projections	 do	 not	 ac‐























Our	 results	 showed	 large	spatial	variation	 in	 local	biodiversity	 in‐
tactness	 and	 projected	 changes	 therein.	 The	 global	MSA	 pattern	
for	2015	 largely	 resembles	 the	global	pattern	of	 the	human	 foot‐
print	 index	 (HFI),	 which	 aggregates	 multiple	 anthropogenic	 pres‐






Amazon	 and	 Congo	 Basins.	 The	 geographical	 similarity	 between	
HFI	and	MSA	maps,	despite	some	differences	in	the	underlying	set	
of	pressures	considered,	reflects	that	local	pressure	variables	(land	











scenario	 analyses,	 in	 particular	 when	 it	 comes	 to	 target‐seeking	









attained	 (UN	 General	 Assembly,	 2015).	 Similarly,	 region‐specific	
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measures	 could	 be	 proposed.	 For	 example,	 measures	 to	 reduce	











et	 al.,	 2018).	 Similarly,	 aspects	of	 spatial	 turnover	 (beta	diversity)	




local	 context,	 is	needed	 to	 further	 improve	 scenario‐based	biodi‐
versity	modelling	(Kim	et	al.,	2018;	Rosa	et	al.,	2017).	Ensemble	and	
probabilistic	 modelling	 approaches	 are	 recommended	 to	 account	
for	model	and	parameter	uncertainties,	which	were	not	accounted	
for	 in	 the	present	 study,	 including	 the	 significant	uncertainties	 in	
underlying	climate	and	 land‐use	projections	 (Stehfest	et	al.,	2019;	
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